The aim of this study was to determine the maternal serum concentrations of eNOS, ADMA, and homocysteine in preeclamptic pregnancies.
Background
Preeclampsia, a unique human pregnancy disorder, is characterized by the development of new hypertension and proteinuria after 20 weeks of gestation in patients free from any clinical disease. But it is not only hypertension and proteinuria; preeclampsia is a multiorgan disease in which the target organs are the endothelium, brain, liver, kidneys (glomerular endotheliosis) and the coagulation system. Delivery still remains the only curative treatment in cases of severe preeclampsia, but is not always advantageous for the fetus. Management decisions concerning patients with preeclampsia must be individualized and should balance the maternal risks of continued pregnancy against the fetal risks associated with induced preterm delivery [1, 2] .
Preeclampsia is a major cause of maternal and fetal mortality and morbidity, and remains amongst the biggest challenges in obstetrics, but its precise etiopathogenesis is still unclear [3, 4] . It has been suggested that the root cause of preeclampsia is the placenta [5, 6] . The placenta, as the interface between the mother and fetus, regulates fetal growth and development. Its functions are determined by vascular development and blood flow, which depend on proper trophoblast growth and differentiation [6, 7] . According to the most recent hypothesis, preeclampsia results from impaired placentation early in the beginning of the pregnancy, leading to placental hypoxia and dysfunction [3, 7, 8] . There are differences between the placental findings in early and late onset preeclampsia, but it is difficult to determine whether these are qualitative, indicating different diseases, or simply quantitative differences within the same disease [5] . It has been suggested that the onset, clinical manifestations, severity, and progression of preeclampsia are affected by the maternal response to placentally derived antiangiogenic factors that lead to the imbalance between angiogenic and antiangiogenic factors [3, 4] . Nitric oxide (NO) regulates the placental blood flow and actively participates in trophoblast invasion and placental development [9] . One theory (of many) suggests that clinical manifestations of preeclampsia caused by failure of the placental vasculature and endothelial malfunction, including insufficient nitric oxide synthesis or NO bioavailability, may contribute to increased blood pressure, systemic vascular resistance, and sensitivity to the pressors [4, [10] [11] [12] [13] . Nitric oxide, initially described as an endothelium-derived relaxant factor (EDRF) is the smallest biologically active molecule produced by endothelial cells, and plays many important functions in basic life processes [14] . Nitric oxide is the key transmitter for the endothelium-dependent regulation of the vascular tone and it regulates blood pressure, abolishes the toxic activity of superoxide ions, inhibits the adhesion and activation of platelet aggregation, and acts as an anticoagulant and antiatherogenic substance [10, 14] . Nitric oxide contributes to the vasodilatation of blood vessels and to the decrease in vascular resistance observed during normal pregnancy [10, 13, 15] . Nitric oxide is produced in intact endothelial cells by endothelial NO synthase (eNOS) as the key enzyme from L-arginine [14, 15] . Preeclampsia is associated with impaired uteroplacental adaptations during pregnancy and abnormalities in the endothelial nitric oxide synthase (eNOS)-nitric oxide pathway. However, the mechanism associated with the alteration of nitric oxide formation in pregnancies complicated by preeclampsia is not well understood. It is also unknown whether eNOS deficiency plays a causal role in preeclampsia [16] . Animal studies suggest that hyperhomocysteinemia affects the blood vessel wall and causes a change in the endothelium and smooth muscle proliferation [17] . Hyperhomocysteinemia is a risk factor of cardiovascular diseases and vasculopathy. It may be a cause of changes and lesions in endothelial cells due to vascular fibrosis, which results in the activation of thrombogenesis, alterations in the coagulation system, and enhanced platelet activation -changes that are noted in preeclampsia [17] . It has also been postulated that hyperhomocysteinemia may contribute to the development of placental microvascular diseases and preeclampsia, which adversely affect the endothelium [18] . Asymmetric dimethylarginine (ADMA), an endogenous inhibitor of endothelial NO synthase (NOS), has been linked to endothelial dysfunction [11, 19, 20] . In addition, preliminary evidence has suggested that hyperhomocysteinemia leads to endothelial dysfunction and an accumulation of ADMA [21, 22] . These observations were the inspiration for the present study.
The aim of the present study was to evaluate the alterations of maternal serum concentrations of endothelial nitric oxide synthase (eNOS), asymmetric dimethylarginine (ADMA), and homocysteine in women with pregnancies complicated by early and late onset severe preeclampsia in comparison to healthy normotensive pregnant women.
Material and Methods
In total, 115 pregnant patients diagnosed with severe pre-eclampsia according to the criteria published in the National High Blood Pressure Education Program Working Group Report on High Blood Pressure in Pregnancy (ACOG 2002) [23] , and 65 healthy normotensive women with uncomplicated pregnancies in their 3 rd trimester were included in the study. Preeclamptic patients were divided into early onset preeclampsia (before 34+0 weeks of gestation; the ePRE group, n=62) and late onset preeclampsia (after 34+0 weeks of gestation; the lPRE group, n=53) groups.
Preeclampsia was diagnosed by an increased blood pressure of >140 mmHg systolic and >90 mmHg diastolic in women who were normotensive before 20 weeks of gestation accompanied by proteinuria, defined as the urinary excretion of >0.3 g protein in a 24-h specimen. Severe preeclampsia was diagnosed based on the following criteria: systolic blood pressure >160 mmHg, diastolic blood pressure >110 mmHg, and proteinuria >5 g/in a 24-h period. In addition, patients were considered to have severe preeclampsia if they had 1 or more of the following clinical manifestations: renal abnormalities (oliguria), hematologic abnormalities (thrombocytopenia and microangiopathic hemolysis), HELLP syndrome (hemolysis, elevated liver enzymes, low platelet count and right-upper quadrant pain), or neurologic symptoms (headache, visual disturbances and seizures). None of the pregnant patients with preeclampsia were affected by chronic hypertension or renal disorders and/ or proteinuria before pregnancy, and all were normotensive before the 20 th week of pregnancy. Preeclamptic patients were admitted to the Department of Obstetrics and Perinatology in the University Hospital in Lublin because of the symptoms of the disease, but without signs of labor.
The control group consisted of 65 healthy normotensive pregnant patients with singleton uncomplicated pregnancies, without any renal, cardiac, or vascular diseases, with normal laboratory tests and appropriate-for-gestational-age weight infants (the Control group).
All arterial blood pressure measurements in the Control group of pregnant patients were normal and did not exceed 135/85mmHg, and none of the patients had proteinuria.
No participants smoked, used caffeine or alcohol, or had a history of endocrinological disease, diabetes, pre-pregnancy cardiovascular disease, or hypertension. Pregnant women with multiple pregnancies were also excluded from this study.
The blood pressure (BP) of all the participants was measured at rest. The body mass index (BMI) of the patients was calculated as kg/m 2 . Serum samples were collected from patients immediately after the diagnosis, before administering any medication, and from controls at their routine visits. The research protocol, including the consent form, was approved by the institutional Ethics Committee for the Protection of Human Subjects from the Medical University in Lublin, and informed consent for peripheral blood sampling was obtained from all participants.
Homocysteine endothelial nitric oxide synthase (eNOS) and asymmetric dimethylarginine (ADMA) determination Blood samples collected from the patients were allowed to clot and then were centrifuged at 1500×g for 15 min and the serum samples were stored at -70°C until assayed. Commercially available enzyme-linked immunosorbent assay (ELISA) system kits (Human Sandwich ELISA kit, Axis-Shield Diagnostics Ltd, UK) were used according to the manufacturer's recommendations, to determine the maternal serum homocysteine concentrations. The endothelial NOS3 levels were measured in the maternal serum samples using a commercially available ELISA kit according to the manufacturer's instructions (Human Endothelial Nitric Oxide Synthase 3 kit made by USC Life Science Inc., Wuhan, China). The asymmetric dimethylarginine levels from maternal serum were evaluated using a sandwich ELISA assay according to the manufacturer's instructions (Human ADMA Sandwich ELISA kit, Immundiagnostik AG, Stubenwald-Allee Ba, Bensheim).
Statistical analysis
Data were expressed as mean ±SD. All calculations were carried out using Statistica v.8 PL software. Analysis of variance (ANOVA) tests were used to test differences between the 3 independent groups. A statistically significant effect in ANOVA was followed up with post-hoc Tukey's test in order to assess differences between groups. The level of statistical significance was established as p<0.05. Data are expressed as mean ±SD.
Results
There were no statistically significant differences in parity, maternal age, weight, and height in patient profiles between the groups. Creatinine and urea levels were normal in all patients.
Maternal BMI values were higher in both groups of patients with pregnancy complicated by preeclampsia than in the control group, but these differences were not statistically significant. Systolic and diastolic blood pressure and mean arterial blood pressure were higher in both study groups of pregnant women with early and late onset preeclampsia than in the control group. These differences were statistically significant (p<0.000001). The mean systolic blood pressure values were 167.43±16.69 mmHg in the ePRE group, 169.13±18.25 mmHg in the lPRE group, and 113.56±9.60 mmHg in the control group. The mean diastolic blood pressure values were 111.67±10.60 mmHg in the ePRE group, 109.06±9.14 mmHg in the lPRE, and 72.24±9.43 mmHg in the healthy controls. The mean arterial pressure values were 130.22±11.64 mmHg in group of early onset preeclampsia patients, 129.06±10.92 mmHg in patients with late onset preeclampsia, and 85.66±9.63 mmHg in the healthy controls. The characteristics of the study groups are presented in Table 1 .
Our results show that the serum concentrations of homocysteine and ADMA were increased in both groups of women with preeclamptic pregnancies. The highest levels were observed in the patients with early onset preeclampsia, but the differences between groups of preeclamptic patients with early and late onset of preeclampsia were not statistically significant. The mean values of maternal serum homocysteine were 11.428±4.158 µmol/L in the ePRE group, 10.046±2.795 µmol/L in lPRE group, and 7.835±2.482 µmol/L in the control group (Figure 1) .
The mean values of maternal serum asymmetric dimethylarginine were 0.583±0.163 µmol/L in the group of early onset of preeclampsia, 0.555±0.165 µmol/L in the group of late onset of preeclampsia, and 0.488±0.111 µmol/L in the control group (Figure 2) . One important conclusion of our study is that we did not find a statistically significant decrease of eNOS concentrations in either group of preeclamptic women compared to the healthy women with uncomplicated pregnancies from the control group. The preeclamptic women had slightly lower levels of maternal serum endothelial nitric oxide synthase than in normotensive pregnant women, but these differences were not statistically significant. The mean values of maternal serum eNOS were 154.327±155.308 U/mL in women with pregnancies complicated by early onset preeclampsia, 156.247±127.019 U/mL in patients with late onset preeclampsia, and 217.744±265.114 U/mL in the healthy pregnant controls ( Figure 3 ).
Discussion
During a normal pregnancy, spiral artery remodelling reduces maternal blood flow resistance and increases uteroplacental perfusion to meet the requirements of the fetus. It has also been observed that eNOS in the mother and in the fetus contribute to uteroplacental vascular changes and increased uterine arterial blood flow [16] .
Whereas preeclampsia is associated with impaired uteroplacental adaptations during pregnancy and abnormalities in the endothelial NO synthase (eNOS)-NO pathway, it is unknown whether eNOS deficiency plays a causal role there [16] . It has also been suggested that disturbances in the homocysteine-ADMA-NO pathway may be at least partly responsible for the etiology of preeclampsia and could be regarded as markers for the severity of the disease [24] . Homocysteine inhibits the expression and activity of dimethylamino dimethyl hydrolase (DDAH), the enzyme hydrolyzing and degrading ADMA to citrulline and dimethylamine [10, 21, 25, 26] . Because of this metabolic relation, it has been suggested that ADMA is a mediator of endothelial dysfunction in hyperhomocysteinemia [25] . In the present study we found significantly increased maternal serum concentrations of homocysteine and asymmetric dimethylarginine in pregnancies complicated by early and late onset preeclampsia compared to uncomplicated pregnancies. The higher levels of homocysteine and ADMA in patients with early onset preeclampsia may suggest a relationship between the levels of these factors and the time of the clinical manifestation of preeclampsia. They may also suggest that higher levels of maternal serum homocysteine and ADMA correlate with the severity, and may determine the earlier clinical onset of the disease. In contrast, endothelial nitric oxide synthase did not show any significant differences between normal and preeclamptic pregnant women.
Our results regarding the elevated ADMA and homocysteine levels in preeclamptic pregnancies compared to uncomplicated pregnancies are in agreement with several other studies. Rizos et al. [27] observed significantly elevated ADMA concentrations in the second trimester in pregnancies that later developed preeclampsia. López-Quesada et al. [28] found significantly higher homocysteine levels in preeclamptic women. Similar findings were observed by Wang et al. [29] , who demonstrated elevated levels of maternal plasma homocysteine in preeclamptic pregnancies and in pregnancies with a suspected fetal compromise and umbilical or placental vascular disease. They concluded that elevated plasma homocysteine plays a role in the pathogenesis of the vascular disease in the uteroplacental circulation in placental insufficiency, and it in turn may suggest vascular lesions in the maternal uteroplacental bed in preeclampsia and fetal growth restriction.
Similar results concerning higher homocysteine levels in preeclamptic women and their positive correlation with asymmetric dimethylarginine concentrations were presented by Mao et al. [24] . These authors suggested that the altered homocysteine-ADMA-NO signalling pathway may be responsible for the etiology of preeclampsia [24] .
Our findings are in disagreement with results from the study by Siroen et al. [30] , who observed similar levels of ADMA in women with preeclampsia compared to normotensive pregnant women. However, they observed higher ADMA levels in women with a clinical worsening of preeclampsia with impaired condition of liver and kidneys, which are organs responsible for the elimination of ADMA. Siroen et al. [30] reported increased levels of ADMA in relationship to the laboratory parameters of liver and kidney dysfunction and the clinical picture of systolic and diastolic blood 434 pressure, the birth weight of infants, and the weight of the placenta. On the basis of these studies, Siroen et al drew far-reaching conclusions, suggesting a causal role of ADMA in the development of renal failure and liver and placental insufficiency [30] .
Holden et al. [19] showed that lowering blood pressure in early pregnancy is accompanied by a significant decrease in the plasma concentrations of asymmetric dimethylarginine. This phenomenon was not observed in women who developed preeclampsia later on. However, there was an increase in circulating blood levels of ADMA, and they reached higher levels than in non-pregnant subjects [30] . Holden et al confirmed the role of both asymmetric dimethylarginine and nitric oxide in the sequence of changes in blood pressure observed in both normal and preeclamptic pregnancies [19] .
Our data are similar to those of Stühlinger et al. [21] , who showed that the homocysteine induced increase in ADMA is associated with a reduction in DDAH activity, and that ADMA accumulation is associated with a temporally related decline in DDAH activity. These authors observed a reduced release of NO by endothelial cells in hyperhomocysteinemia, and suggested that impairment of the eNOS pathway by DDAH inhibition could have biological implications beyond the vasculature. Yucel et al.
[31] suggested that hyperhomocysteinemia is a risk factor for atherosclerosis, and is associated with endothelial dysfunction.
However, it has been observed that hyperhomocysteinemia may also impair endothelial function through a mechanism largely independent of the pathway of ADMA/DDAH, and without elevating ADMA, probably through the inhibition of endothelial nitric oxide synthase activity by protein kinase C or oxidative inactivation of NO, induced by dysregulation of renal cellular antioxidant enzymes [24] . Dayal et al. found that hyperhomocysteinemia causes tissue-specific decreases in DDAH expression without altering plasma ADMA levels in mice, but with endothelial dysfunction [32] .
Hyperhomocysteinemia may result in vasomotor dysfunction, because the amended structure and biomechanics of blood vessels and enhanced thrombosis are considered to be independent risk factors for metabolic and cardiovascular disease [26] . The mechanism of vascular damage by homocysteine has not been fully explained, but the importance of vascular smooth muscle cell proliferation and vascular remodelling leading to thrombosis and atherosclerosis should be considered. During normal pregnancy, physiological homocysteine levels are reduced secondary to hormonal changes and kidney, liver, and placental metabolism.
According to De Falco et al. [33] , hyperhomocysteinemia during pregnancy could be responsible for placental abnormalities, which may be the cause of these very serious pregnancy complications. Steegers-Thenissen et al. [34] suggested that hyperhomocysteinemia was associated with an approximately 2-to 3-fold increased risk of pregnancy-induced hypertension, abruption of the placenta, and intrauterine growth restriction.
Elevated levels of ADMA and unchanged levels of eNOS in pregnancies complicated by severe preeclampsia suggest that the nitric oxide deficiency in this pregnancy disorder results not from a reduced level or activity of eNOS, but from elevated levels of asymmetric dimethylarginine, an endogenous eNOS inhibitor.
The results of the studies of eNOS activity were inconclusive. Myatt et al. [35] observed the primary location of eNOS in the syncytiotrophoblast of preeclamptic placenta. These authors also noted the lack of eNOS expression in vascular terminal villi and a weak expression in the endothelial cells of villous vessels in placenta from normal pregnancy. This location showed intense expression of eNOS in both types of vessels in placentas from pregnancies complicated by preeclampsia.
In contrast, Beinder et al. [36] observed similar placental level of eNOS activity in patients with pregnancy complicated by preeclampsia and healthy pregnant women with pathological and normal blood flow in the umbilical cord. However, they observed a lower activity of endothelial nitric oxide synthase where the uterine and placental vessels meet and increased uterine artery resistance in preeclamptic women compared to healthy pregnant women. Nasiell et al and Schiessl et al found significantly increased placental expression of endothelial nitric oxide synthase in pregnancies complicated by preeclampsia [37, 38] .
Our findings are also in disagreement with the results of Kim et al., who found lower expression of eNOS in the syncytiotrophoblast, reduced concentrations of L-arginine, and unchanged ADMA in the serum of women with pregnancies complicated by preeclampsia [39] . NO synthase plays a very important role in the physiology and pathology of the placental circulation; nitric oxide produced by endothelial nitric oxide synthase is an important regulator of cardiovascular physiology [39, 40] . NO appears to be an antiatherogenic agent, thus ADMA may be a common mediator of endothelial dysfunction. In addition, studies have shown that ADMA is not only a risk factor for atherosclerosis and a marker of endothelial injury, but it can also play an important role in the progression of renal damage [41] [42] [43] .
Homocysteine has an inhibitory effect on ADMA metabolism, leading to increased ADMA concentrations in hyperhomocysteinemia in preeclamptic women. Finally, this study suggests that lowering the increased homocysteine levels may be helpful in the therapy of vascular disturbances in preeclampsia and may be associated with the down-regulation and impaired bioavailability of NO that results from higher levels of ADMA, an endogenous endothelial nitric oxide synthase inhibitor. Larger scale prospective studies are needed to determine the impact of therapies aimed at decreasing serum homocysteine and ADMA levels.
Conclusions
Our results confirm the key role of elevated levels of homocysteine and asymmetric dimethylarginine in the development of preeclampsia. The higher levels of homocysteine and ADMA observed in patients with early onset preeclampsia may suggest a relationship between the levels of these factors and the time of clinical manifestation of preeclampsia. They may also suggest that higher levels of maternal serum homocysteine and ADMA correlate with the severity, and may determine the earlier clinical onset of the disease.
Elevated levels of ADMA and the unchanged levels of eNOS in pregnancies complicated by severe preeclampsia lead to the conclusion that the nitric oxide deficiency in this pregnancy disorder result not from a reduced level or activity of eNOS, but rather from elevated levels of asymmetric dimethylarginine, an endogenous eNOS inhibitor.
Our results also suggest that ADMA and homocysteine reduction may be a goal in the prevention and treatment of preeclampsia, but expanded studies are needed to develop new perspectives into this topic. Studies with larger populations will yield more informative results for understanding the etiological determinants of preeclampsia.
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